Cervical cancer is a second leading cancer death in women world-wide, with most cases in less developed countries. Notch signaling is highly conserved with its involvement in many cancers. In the present study, we established stable cervical cell lines with Notch activation and inactivation and found that Notch activation played a suppressive role in cervical cancer cells. Meanwhile, the transient overexpression of the active intracellular domain of all four Notch receptors (ICN1, 2, 3, and 4) also induced the suppression of cervical cancer Hela cell growth. ICN1 also induced cell cycle arrest at phase G1. Notch1 signaling activation affected the expression of serial genes, especially the genes associated with cAMP signaling, with an increase of genes like THBS1, VCL, p63, c-Myc and SCG2, a decrease of genes like NR4A2, PCK2 and BCL-2. Particularly, The nuclear receptor NR4A2 was observed to induce cell proliferation via MTT assay and reduce cell apoptosis via FACS assay. Furthermore, NR4A2's activation could reverse ICN1-induced suppression of cell growth while erasing ICN1-induced increase of tumor suppressor p63. These findings support that Notch signaling mediates cervical cancer cell growth suppression with the involvement of nuclear receptor NR4A2. Notably, Notch/NR4A2/p63 signaling cascade possibly is a new signling pathway undisclosed.
Introduction
As the second leading cause of cancer death, cervical cancer is a major health concern for women world-wide (1, 2) , with most cases occurring in less developed countries. The highest incidences are happening in Latin America, the Caribbean and Africa (World Cancer Research: www.wcrf.org). Cervical cancer is known to be involved with multiple signaling pathways (3) (4) (5) (6) . The human papillomavirus (HPV) has been shown to be an essential component in cervical cancer progression (1-4, 7). However, many other factors, such as Notch, Wnt, COX2, NF-KB, p53 and RhoC, are also critical elements associated with the development of cervical cancer (4, (6) (7) (8) (9) (10) (11) (12) .Notch signaling especially has been found to play a critical role in cervical cancer development.
Notch signaling is highly conserved and is critical for human development. Importantly, Notch signaling is found aberrantly expressed in many types of cancers and is involved in cancer progression. The up-regulation of Notch1 and the cognate ligand,
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Jagged1, have been demonstrated in cervical cancer cells (2, (13) (14) (15) . This prompted an investigation into the possible role of Notch signaling in this cancer progression. Notch signaling activation in cervical cancer further displays suppression on cell proliferation and tumor growth (7, 14, 16, 17) . The strategy of targeting Notch signaling provides a potential and effective therapeutic alternative in the treatment of cervical cancer (18) (19) (20) . However, Notch signaling is much more complicated. Notch signaling acts differently in different stages of cervical cancer development, with an up-regulation of this signaling in early stages and a down-regulation in its late stage. The controversial effects of Notch signaling, in the same cervical cancer cell models, also are reported by other independent investigators (5, 21) . Thus, the role of Notch signaling and its precise molecular mechanisms are not completely known.
Notch1 activation was also observed to stimulate the signaling of G protein-coupled somatostatin receptors xxx. This characteristic has been applied in combination therapy by combining a Notch signaling activator with a SSTR2-targeting peptide-drug and using them together as a conjugate. The combination therapy displays enhanced anti-tumor activity when compared to each used alone (19, 20, 22) . However, the Notch-mediated mechanism is not yet clear. Also, Notch activation could enhance for skolin-induced cAMP production (19) . We hypothesized that genes associated with cAMP signaling may be involved in Notch-mediated signaling networks. In the present study, we further investigated and determined the effects of the active forms of all four Notch receptors on cervical cancer cells. Particularly, we evaluated the effects of Notch1 activation on certain genes associated with cAMP/Ca 2+ signaling via PCR array. We found that the nuclear receptor NR4A2 was down-regulated by Notch activation. NR4A2 activation increased cervical cancer cell growth via acting in an oncogenic role. Targeting crosstalk events of Notch and NR4A2 is likely to provide valuable paradigms around which to develop highly specific chemotherapeutic interventions.
Materials and Methods

Materials
The plasmids expressing the intracellular domains of the four Notch receptors (ICN, ICN2, ICN3, and ICN4) and dnMAML (DNL) were gifts from Dr. Wu (University of Florida). The plasmids with the genes NR4A2 (Nurr1), Vinculin (VCL), THBS1 (TSP1), p63 and Twist were obtained from Addgene (www.addgene.org), including pCCL-NR4A2 (plasmid 35000) and the controls pCCL (10881), pmEN1-VCL (54304), pmEN1 (53976), pBabe-Twist1 (1783), pBabe (10668), pcDNA-THBS1 (12405) and pcDNA-p63 (27008). Antibodies of p21 (Cat. No.: sc-756), p63 (sc-8343), c-Myc (sc-788), NR4A2 (sc-990), HES1 (sc-25392) and β-actin (sc-1616-HRP) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell culture and cell transfection
Human cervical cancer Hela cells were purchased from ATCC (American Type Culture Collection, Manassas, VA). The stable cancer cell lines Hela-ICN1 (over-expressing ICN1, Notch1 activation) and Hela-DNL1 (over-expressing dominant-negative mastermind-like1 (DNL1, or dnMAML1), Notch inactivation) along with Hela-GFP cells were established as described previously (19) . These cells were maintained in MEM medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 0.5% kanamycin. For transient transfection, 0.5ml of a Hela cell suspension with 2x10 5 cells/ml was plated in each well of 24-well plates and cultured overnight. Two µl of Lipofectamine TM 2000 (Lipo-2000) and a total amount (0.4µg) of DNA were added separately into each vial with 50 µl Opti-MEM transfection medium, and combined together after a 5-10 minute incubation. The DNA-Lipo-2000 complexes were mixed well and incubated for 20-30 minutes and then added to each well. Growth medium was replaced 4-5 hours later and cells were incubated for 72-hours.
Real-time PCR and PCR array
Total RNA was isolated from tumor cells and RT-PCR was performed as described in the protocols (Invitrogen, Carlsbad, CA). The primers and conditions for RT-PCR analyses were as described previously (19) . Real-time PCR assays and PCR arrays (cAMP/Ca 2+ signaling pathway (PAHS-066), GPCR signaling pathway (PAHS-071)) (SABiosciences) were performed as described (19) . β-actin was used as the internal control and data were analyzed by applying the 2 -∆∆ CT methods.
Western blot analysis
This assay was employed as described in the protocol (Santa Cruz). Briefly, cells were harvested, re-suspended in RIPA buffer with cocktail inhibitors, homogenized with a 21-gauge needle, mixed with the loading buffer and heated for 7 min at 95 o C. Supernatants were loaded to run on a 8-16% Tris-glycine gel after centrifugation at 13,000xg. Protein was transferred to a nitrocellulose membrane and blocked with 5% fat-free milk, washed and incubated with primary antibody. The membrane was washed again and incubated with second antibody (Santa Cruz). Films were developed according to the ECL system protocol (Amersham Biosciences, England). The experiments were separately done three times.
Cell proliferation
The cell proliferation assay (Promega, Madison, WI) was performed as described (19) . Briefly, 50 µl aliquots of medium with different concentrations of compounds were added to 96-well plates. All compound concentrations were tested in triplicate. Another 50 µl of the BON cell stock (1x10 5 cells/ml of media) was dispensed into each test well and the plates were incubated at 37 o C in a CO 2 incubator for 3 days. Following the incubation period, 15 µl of the dye solution was added to each well and the plates were then incubated at 37 o C for 4 hours, followed by the addition of 100 µl per well of the solubilization solution. The plates were incubated at 37 o C until the contents in each well became a uniform-colored solution. The absorbance was measured and recorded at 570 nm by a Victor Plate Reader (PerkinElmer, Boston, MA).
Cell cycle
Cells were plated in 6-well plates and incubated overnight. The test compounds were added. The Coulter DNA Prep reagents kit (Cat. No.: PN 6607055) from Beckman Coulter (Fullerton, CA) was used and assayed as described previously (23) . Analysis was done on a Beckman-Coulter Epics FC500 analyzer using CXP software for acquisition and the ModFit LT v3.1 (Verity Software) for Cell Cycle Modeling. Experiments were repeated three times.
Cell attachment
The cell attachment assay (ECM205) was used to study the effects of VPA on cell attachment to different components, including fibronectin, vitronectin, laminin, collagen I and collagen IV (ECM205, Chemicon). The assay was performed after a 72-hour incubation according to the kit instructions (Chemicon). One ml of cells (1x10 5 cells/ml) was plated in 24-well plates and treated with or without the test compound-VPA. The treated cells were harvested with enzyme-free cell dissociation buffer and added to each well of strips that were pre-rehydrated with PBS buffer. The strips were incubated for 45-60 minutes at 37 o C in the incubator. The strips were washed 3 times, stained with 0.2% crystal violet for 5 minutes and washed 3-5 times. One hundred µl of solubilization buffer was added to each well and the absorbance at 570 nm was determined after the cell-bound stain was completely solubilized.
The assays were normalized by cell proliferation assays.
Results
Cervical cancer is the leading cause of cancer death in women. Notch signaling is of importance in cervical cancer progression, with this signaling being up-regulated in its early stage and down-regulated in late stage. The Notch-mediated mechanism in this cancer is not clear yet. Our previous data showed that Notch activation could enhance for skolin-induced cAMP production (19) . In this study, we evaluated the effects of Notch activation on cell growth and analyzed the involvement of cAMP/Ca 2+ signaling in Notch-mediated growth suppression.
Activated Notch signaling acts as a tumor suppressor
We investigated the effects of Notch1 signaling on cervical cancer Hela cells. Via MTT assay, Hela-ICN1 cells with Notch1 activation were found to grow slowly compared to control Hela-GFP cells, with Notch-induced inhibitory rates being 52.4%, and with no significant difference in Hela-DNL1cells (knockdown of Notch signaling) (Fig. 1) . Notch signaling inhibitors DBZ and DAPT had no effect at the tested concentrations (data not shown). Furthermore, we did transient transfection with the active forms of all four Notch receptors (ICN1, ICN2, ICN3, ICN4) and found that all four ICNs could induce cell growth suppression, with ICN1 and ICN2 displaying more significant effects on Hela cell growth. As shown in Fig. 2 Further, FACS analysis was used to evaluate Notch1-mediated cell cycle progression. Notch1 induced cell cycle arrest at phase G1 (Hela-ICN1), with a rate of 62% compared to 47% of the control (Hela-GFP) (Fig. 3) . Meanwhile, FACS analysis showed that the Hela-ICN1 cell debris was 11% compared to 4% of Hela-GFP cell debris.
Cell attachment is a critical step for cell migration and tumor metastasis. Also in our previous study, we observed Notch signaling activation could induce cervical cancer cell morphological changes in Hela-ICN1 cells. Thus, we did cell attachment assays to assess the effects of Notch signaling on cell attachment. We first tested the attachment of cervical cancer Hela cells to the extracellular matrix (ECM) components that included fibronectin, vitronectin, laminin, collagen I and collagen IV and found that cells strongly attached to laminin, but had little or no attachment to the others. Then, we found that Notch1 signaling activation, via transient transfection of ICN1, showed no significant effect on the attachment of cervical cancer Hela cells to the ECM component laminin (ECM103), but THBS1, upregulated by ICN1, was observed to increase cell attachment (Fig. 4) . 
Notch1 signaling activation regulates gene expression
Our previous study showed that Notch1 activation extremely enhanced for skolin-induced production of the second messenger cAMP that transduces intracellular signaling, and it also regulated somatostatin signaling that belongs to G protein-coupled receptor signaling. This implied that Notch signaling might be involved in signaling pathways associated with cAMP and GPCRs. Thus, via PCR arrays, we investigated the effects of Notch1 activation on the genes associated with cAMP/Ca 2+ signaling and GPCR signaling. We found that Notch1 activation in Hela-ICN1 cells regulated the expressional changes of certain genes that are related to CRE (cAMP responsive element), SRE(serum response element), Ca 2+ and other cAMP-coupled G protein signaling. There are no significant effects of genes such as ICN1, NR4A2, vinculin, THBS1, Twist1 on ECM103. However, THBS1 enhanced cell adherence to laminin, with a rate of 58.1%, and asterisk (*) shows P value < 0.05. Table 1 , ICN1 induced an increase in such genes as vinculin (VCL) (5.2 fold), SCG2 (8.8 fold), ADRB2 (4.1 fold), SST (203 fold), SSTR2 (20.8 fold) and THBS1(TSP1) (60.7 fold), and a decrease of such genes as NR4A2 (-5 fold), SGK1(-1.5 fold), NPY(-3.8 fold), ENO2 (-1.7 fold), CALR (-1.3 fold), PCK2 (-2.8 fold), CREB1 (-1.6 fold), CGA (-15.6 fold), NF1(-1.4 fold), BRCA1(-1.5 fold), VEGFA (-1.82 fold) and RB1 (-2.8 fold), (Table 1 ) and had no effect on genes with CRE/SRE sequences in the promoters or belonging to GPCRs such as FGF6, IL-2, IL-6, GCG2, DRD1, PDPK1 andOPRD1 (data not shown). Certain other genes (and some cancer-related genes) were observed to be modulated by Notch1 activation, with an ICN1-induced increase of Notch target genesHES1, p63, p21 and Twist1, and a decrease of c-Myc. The expression of certain of these genes such as NR4A2, HES1, p63, p21 and c-Mycin Hela-ICN1 cells was confirmed at the protein level by Western blot analysis (Fig. 5A) . Next, we investigated the effects of some chosen genes on cell growth and their involvement in Notch1-mediation signaling pathways (discussion below). 
As shown in
NR4A2 increases cell proliferation and THBS1 increases cell attachment
We selected six Notch1-mediated genes including NR4A2, Vinculin, THBS1, p63 and Twist, and did transient transfection with the plasmids expressing those genes. We assessed the effects of these genes on cell growth by cell proliferation assay and found stimulative effects by NR4A2, with a rate of 34.7%, but with little or no significant effects on VCL, p63, THBS1 or Twist1 (Fig. 6) . Figure 6 . The effects of gene over-expression on cell proliferation. NR4A2 induced cell proliferation, with an increased rate of 34.7% and the asterisk (*) shows P values< 0.05. There are no significant effects of the genes VCL, THBS1, Twist1 and p63.
As described above, we observed that Notch1 activation, by over-expressing ICN1, reduced cell-laminin attachment. We also investigated the effects of NR4A2, VCL, THBS1 and Twist1 on Hela cell attachment. By cell attachment assay (ECM103), we found that THBS1 induced an increase of the cell-laminin attachment, with a rate of 58.1%, with the other three, NR4A2, VCL and Twist1, having no significant effects (Fig. 4) . These findings indicate that different mechanism are involved in cell proliferation and cell attachment.
Via FACS analysis, we further found that NR4A2 reduced cell apoptosis. Cells were continuously cultured for 2 days without changing medium after transfection with the transfection agent Lipo-2000. This would result in some cell death. We further did apoptosis assays and found that there was an apoptotic rate 89.4% (apoptosis and necro-apoptosis together) in the control group with the control pCCL vector, but the apoptotic rate dropped to 64.4% in the NR4A2-treated group and with an increased rate of visible cells (22.3%) (Fig. 7) .
Based on the results above, we hypothesized that NR4A2 might play an oncogenic role and thus further analyzed the effects of NR4A2 activation on the oncogene c-Myc, tumor suppressors p21 and p63, and the Notch target gene HES1. We observed thatNR4A2 activation induced a decrease of p21, p63, and HES1, with a slight increase of c-Myc (Fig. 5B) , indicating Notch signaling and NR4A2 signaling reversely co-modulate downstream signaling while Notch plays the tumor-suppressive role and NR4A2 plays the oncogenic role.
NR4A2 reverses ICN1-induced cell growth suppression via regulating p63 signaling
NR4A2 may be involved in ICN1-mediated effects on cervical cancer cells. We further tested this hypothesis by transient transfection of NR4A2 in Hela-ICN1cells (Notch1 activation), with Hela-GFP cells as the control. We found that NR4A2reversed ICN1-induced cell growth arrest. As shown in Fig. 8A , ICN1 decreased cell growth with an inhibition rate of 52%, NR4A2 reduce the ICN1-induced inhibitory rate to 44%. Also, via Western blot analysis, we found that NR4A2 reversed an ICN1-induced increase of p63 (Fig. 8B ), but not of p21 and c-Myc, indicating that NR4A2 and Notch signaling share a common signaling involvement with p63 and that Notch1 induces cell growth arrest partly via regulating the downstream NR4A2/p63 signaling pathway. 
Discussion
The role of Notch signaling in cervical cancer is not clearly determined. The levels of Notch signaling in cervical cancer seem to be stage-specific. Activated Notch1 at high levels, induces apoptosis and cell growth arrest through increasing the expression of p52, p21 and others (6, 12) . However, Notch signaling in this cancer is dysfunctional and controversial (16, 17, 21) . Thus, a more complete understanding of the molecular mechanisms of this Notch pathway in cervical cancer will lead to the development of novel therapeutic strategies. In our previous study in cervical cancer, Notch1 activation could induce cell growth arrest and tumor suppression, identical to other reports.
In the present study, we did assays to confirm the function of Notch in cervical cancer cells. Our assays showed that the knockdown of Notch signaling via over-expressing dominant-negative mastermind-like1 (DNL1, or dnMAML1) did not significantly affect cervical cancer Hela cell growth. However, we confirmed the inhibitory effects of Notch1 activation (16, 19, 20) , and identified the similar inhibitory effects via the activation of the other three Notch receptors (ICN2, 3 and 4). We also found that activated Notch signaling stimulated the somatostatin signaling that blocks cAMP signaling, and enhanced for skolin-induced cAMP production (19) . Thus, we hypothesized that cAMP signaling might be involved in Notch-mediated signaling networks.
cAMPis one well-known second messenger and is involved in various biological activities. cAMP signaling modulates cell functions and the associated signaling pathways. Our previous studies showed that Notch induced an increase of SST and SSTR2, with promotors' containing a CRE (cAMP responsive element) site (19) . Meanwhile, we found that Notch modulated the expression of certain genes associated with cAMP/Ca 2+ signaling, especially the genes with promotors containing CRE, SRE and Ca 2+ elements and being responsive to cAMP or Ca 2+ . As shown in Table 1 , Notch induced an increase of such genes as SST, SSTR2, THBS1 and VCL, and a decrease of such genes as NR4A2, STAT3 and CGA. Further, we evaluated the three CRE-containing genes VCL, THBS1 and NR4A2, tumor suppressor p63 and cell differentiation factor Twist1, for their effects on cell growth and cell adhesion. The nuclear receptor NR4A2 was observed to stimulate cell proliferation with others having no significant effects. In the cell adhesion assay, NR4A2 did not work, but the angiogenesis regulator THBS1increased Hela cells adhesion to laminin. NR4A2, acting as a transcription factor, induced cell differentiation and maintained dopaminergic neurons (24, 25) . THBS1 is an adhesive glycoprotein and affects cell adhesion and cell migration (26, 27) . Activated Notch signaling attenuates HPV-induced cervical cell transformation while its inactivation promotes cell transformation and carcinogenesis (2, 7, 28) . Notch might partly suppress cell growth via attenuating NR4A2 and affect cell transformation and tumor metastasis via activating THBS1.
In summary, the identification of the correlation of Notch signaling and these factors in cervical cancer cells may support these findings indicating that targeting these crosstalk events likely will provide valuable paradigms to currently available clinical interventions targeting cervical cancer. Meanwhile, cAMP signaling may play a critical role in Notch-mediated cell functions via modulating the pathways involved with such genes as NR4A2 and THBS1. The precise mechanisms need to be identified and could be helpful in developing targeted drugs against cervical cancer.
